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Abstract: The electric double layer governs the processes of all charged surfaces in aqueous 

solutions, however elucidating the structure of the water molecules is challenging for even the 

most advanced spectroscopic techniques. Here, we present the individual Stern layer and diffuse 

layer OH stretching spectra at the silica/water interface in the presence of NaCl over a wide pH 

range using a combination of vibrational sum frequency generation and heterodyned second 

harmonic generation techniques and streaming potential measurements. We find that the Stern 

layer water molecules and diffuse layer water molecules respond differently to pH changes: unlike 

the diffuse layer, whose water molecules remain net-oriented in one direction, water molecules in 

the Stern layer flip their net orientation as the solution pH is reduced from basic to acidic. We 

obtain an experimental estimate of the non-Gouy-Chapman (Stern) potential contribution to the 

total potential drop across the insulator/electrolyte interface and discuss it in the context of dipolar, 

quadrupolar, and higher order potential contributions that vary with the observed changes in the 
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net orientation of water in the Stern layer. Our findings show that a purely Gouy-Chapman (Stern) 

view is insufficient to accurately describe the electrical double layer of aqueous interfaces. 
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Introduction. The electrical double layer (EDL) of charged aqueous interfaces is commonly 

described1-2 using theories going back to Helmholtz,3 Gouy,4 Chapman,5 Stern,6 and Grahame.7 

These mean field approximations account for the distribution of ions in close proximity to the 

surface and those further away in the diffuse layer, but do not explicitly include the molecular 

structure and chemical identity of the species comprising the EDL. Instead, these models are based 

on the Poisson solution for mobile, free point charges in a dielectric continuum over a uniformly 

charged and infinitely thin plane. Dipolar, quadrupolar, and other solvent contributions to the 

interactions between mobile charges in the diffuse layer are only accounted for through the use of 

a continuum treatment of water (as manifested in its dielectric constant, or relative permittivity). 

Yet for the Stern layer, increasing evidence from experiment and theory points to  substantial 

contributions of net-aligned dipoles and higher-order moments to the total interfacial potential.8-22 

Explicit thermodynamic treatments of solvent dipoles at charged interfaces are reviewed in 

Habib’s classic work.23 The relative permittivity of Stern layer water is challenging to determine, 

with experimental estimates24-25 ranging as low as 2 to below 30 and to a point-estimate of 43 from 

linear regression analyses of proton surface charge data for oxides.26 Therefore, our current 

understanding of the EDL needs to be improved by considering electrostatic potential 

contributions beyond those captured using the relative permittivity constant of water and how such 

contributions evolve with changes in surface charge density. Here, we refer to such contributions 

as non-GCS contributions, i.e. the difference between the total potential drop across the interface 

and the potential drop computed using the GCS model assumptions, which employ ϵr to account 

for the properties of water. In addition, while the structure of some ions in the EDL are well 

understood from various measurements,27-30 the way water molecules orient and network 
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themselves in its two main structural features, the Stern layer and the diffuse layer, remains 

enigmatic.  

 Strategies have evolved to address these shortcomings, such as potentiometric titrations,29 

electrical impedance measurements,31-32 ion adsorption batch experiments,28, 30 or electrokinetic 

and electrophoretic techniques,33-34 with subsequent data interpretation employing surface 

complexation models.35-36 Other methods include atomic force microscopy (AFM),37-38 X-ray 

spectroscopies like X-ray standing wave and X-ray reflectivity measurements,27, 39-40 and 

vibrational sum frequency generation spectroscopy.41-43 Employing ultraflat boehmite, AFM has 

recently been used to report directly on the interfacial water structure44 that constitutes the greatest 

component of the EDL. X-ray reflectivity and spectroscopy measurements have yielded the 

position of ions and hydration layers35, 45 in the EDL for a number of different mineral oxides 

including mica,46-49 titania,35, 50 alumina,45 and quartz.51-52  More recently, X-ray photoelectron 

spectroscopy of colloidal dispersions in a microjet were used to obtain estimates for the surface 

potential as a function of ion concentration and identity,27 which was used in conjunction with 

electrokinetic measurements to infer the thickness of the Stern layer.53  

 In contrast to important new insights from atomistic simulations regarding water 

orientation and polarization at oxide interfaces,17, 54 experimental data on the orientation of water 

molecules, their hydrogen bonding strength, and the dipole and higher-order electrostatic 

contributions from the non-solvent species in the EDL (for oxides that includes the SiOH, SiO-, 

positive surface sites and the interfacial ions) is still lacking. Furthermore, owing to the challenges 

associated with these experiments, measurements are generally performed at only one or a few pH 

values and a limited ionic strength range. As pH determines the surface charge density and 

interfacial potentials over amphoteric oxides such as silica, it would be ideal to monitor how the 
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structure of the EDL evolves under a range of pH conditions. Measuring the hydrogen-bonded 

structure of water and its absolute orientation in the Stern and the diffuse layers would provide 

highly complementary information to that from X-ray and scanning probe measurements, bringing 

us closer to the goal of generating a complete molecular picture of charged aqueous interfaces.43, 

48  

 Vibrational sum frequency generation (SFG) spectroscopy is intrinsically sensitive to non-

centrosymmetric assemblies of molecules. Consequently, the technique has been extensively used 

to measure the interfacial regions of charged surfaces and aqueous solutions based on the 

organization of molecules as well as their vibrational resonances.41-43 In principle, these studies 

can offer a wealth of chemical information such as bond strength, including hydrogen bond 

strength, and molecular orientation of the net assembly of water. However, vibrational SFG 

spectroscopy convolutes the depth dependence of the bulk and interfacial SFG signal sources, 

which is especially problematic in the presence of non-zero surface potentials. Specifically, the 

wave vector mismatch for the reflection geometries commonly used in most SFG setups is on the 

order of 102 nm-1, leading to third-order (bulk allowed) contributions that add to the second-order 

(interface-specific) SFG response depending on the interfacial potential.55-61  

While it has been known for a while how these second- and third-order contributions are 

encoded in the total detected SFG signal,62-63 the proper lineshape analysis requires knowledge of 

the phase relationship between these two terms and the total interfacial potential, which has 

remained elusive. To overcome this problem, we now combine vibrational sum frequency, non-

resonant heterodyne-detected second harmonic generation (HD-SHG), and streaming potential 

measurements to obtain the interface-specific response for the fused silica/water interface as a 

function of pH and a total ionic strength of 50 mM. Our approach enables us to elucidate the net 
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orientation of tight and loose hydrogen bond networks in the Stern layer over fused silica for a 

range of bulk solution pH conditions at a constant intermediate ionic strength of 50 mM NaCl. We 

identify conditions where interfacial water molecules held in a tight hydrogen bonded network flip 

their net orientation with pH, while observing no such flip in the diffuse layer. As such, we attribute 

the non-monotonic trend in the overall SFG intensity spectra with decreasing pH to changes in the 

water structure at the surface rather than changes in the diffuse layer structure. Finally, we compare 

these results to the total potential drop across the fused silica/water interface determined from HD-

SHG.  The changes in total surface potential with pH correlate with changes in the net orientation 

of the water in the Stern layer. Moreover, we find an important role of other contributions to the 

total interfacial potential on top of the GCS-only contributions. We thus provide new physical 

insights for charged solid/aqueous interfaces that hold the promise of developing our 

understanding of the EDL beyond mean field theories. 

 

 

Results and Discussion.   

Nonlinear Optics and Electrokinetics in the Electrical Double Layer. The intensity in our 

vibrational SFG spectra originates from water molecules located in networks that lack inversion 

symmetry. The centrosymmetry of bulk water is broken in the electrical double layer by four 

phenomena: hydrogen bonding of water molecules with the underlying surface, the ordering of 

water around adsorbed ions, the alignment of water permanent dipoles with the electric field 

emanating from charged sites at the surface, and the polarization of water molecules in said field. 

The first (hydrogen bonding with the surface) is expected to be largely responsible for the water 
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structure in the Stern layer,57-58, 64 which we attribute to the second-order susceptibility 𝜒𝑆
(2)

. The 

SFG intensity is then given by the following equation: 

                                        𝐼SFG ∝ |𝜒total
(2)

|
2

= |𝜒𝑆
(2)

+ 𝜒𝐷𝐿
(2)

|
2

                                         eq. 1 

Here, 𝐼SFG is the intensity of sum frequency light, and 𝜒total
(2)

, 𝜒𝑆
(2)

, and 𝜒𝐷𝐿
(2)

 are the total, Stern 

layer, and diffuse layer second-order susceptibilities, respectively. For our SFG measurements, 

𝜒𝑆
(2)

 describes the vibrations of all OH oscillators within the Stern layer and is dependent on the 

number and net orientation of these oscillators. The Stern layer thickness, and therefore the number 

of contributing water molecules, is intrinsically coupled to the ionic strength of the aqueous 

solution according to a recent XPS report of Stern layer compression with increasing salt 

concentration (~7 Å at 50 mM).53 The region of aligned and polarized water molecules outside of 

the Stern layer is called the diffuse layer, which we quantify in equation 1 with the 𝜒𝐷𝐿
(2)

 term, 

according to   

                                         𝜒𝐷𝐿
(2)

= χ(3) ∫ E0(z)eiΔkzdz
∞

OHP
                                          eq.2 

Here, E0(z) = −
𝑑𝛷(𝑧)

𝑑𝑧
 is the electric field emanating from the surface which is integrated from the 

plane marking the end of the Stern layer, the outer Helmholtz plane (z = OHP), to infinite distance 

from the interface (𝛷(𝑧 = ∞) = 0 V) to yield the absolute value and sign of the OHP electrostatic 

potential 𝛷𝑂𝐻𝑃. The OHP potential is often approximated as the zeta () potential that can be 

measured from electrokinetic measurements (Scheme 1).27, 53, 65 At the salt concentration explored 

here (50 mM NaCl), the  potential is distinct from the potential directly at the silica surface owing 

to the screening effect of ions within the Stern layer, which attenuate the magnitude of the potential 

at the OHP relative to that at the surface (Scheme 1). Moreover, MD simulations by the Netz group 
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found that the interfacial flow was zero in pure water near an uncharged solid in the presence of 

an applied static surface field, although dipolar surface ordering of the solvent was present.9 This 

suggests that the  potential determined from electrokinetic measurements based on flow at the 

shear plane is sensitive to different forces than the surface potential, which was non-zero. As we 

will discuss later on, using the  potential with the GCS model does not recapitulate the total 

interfacial potential, which we propose stems from the insensitivity of the  potential and the GCS 

model to the water and silica surface structure, both of which can evolve with changing pH.  𝜒(3) 

is the third-order susceptibility of water in the diffuse layer which is frequency dependent66 and 

has been shown by experiments and MD simulations to be relatively constant up to 100 mM ionic 

strength.56, 66 

 

Scheme 1. The electrical double layer composed of a Stern layer (measured by 𝜒𝑆
(2)

) and a diffuse 

layer (measured by 𝜒𝐷𝐿
(2)

) over negatively charged silica separated by the OHP (red dashed line). 

The net orientation and polarization of the diffuse layer is highlighted by the orientation of the 

drawn water structures, but we note a wide distribution is predicted for the diffuse layer water with 

its bulk-like structure.  

 

Non-monotonic vs monotonic trends in SFG vs -potential responses. Fig. 1a shows the 

(homodyne-detected) vibrational sum frequency generation intensity spectra of the fused 
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silica/water interface in the presence of 50 mM NaCl from pH 10 to 2 measured in the OH 

stretching region. We chose this particular ionic strength and direction in our pH titration to mimic 

the conditions reported in the XPS study of Stern layer thickness by Brown and co-workers.53 

Generally, three prominent features are observed that we refer to as the 3200, 3400, and 3600 cm-

1 modes. These features arise from ordered and polarized interfacial water in the electrical double 

layer as described above,43 although there is debate whether the 3600 cm-1 mode originates from 

isolated silanols67-68 or water molecules dangling over hydrophobic silica sites.69-70 At pH 10, the 

integrated SF intensity, which approximates the amount of net ordered and polarized water in the 

entire electrical double layer, is the largest (Fig. 1b). As the pH is lowered, the total SFG intensity 

decreases until pH 4 and then increases again slightly until pH 2, which lies near the point-of-zero 

charge (PZC) for silica, generally taken to be below pH 3, if any.71 The origin of this non-

monotonic trend, which we had observed previously at 100 mM and higher salt concentration,72-

74 is attributed to contributions to the nonlinear responses from the Stern and diffuse layers. Since 

these two components are convoluted in the SFG intensity measurements,75 and further entangled 

with the electrostatic field across the interface, the exact origin of the non-monotonic trend is not 

yet clear.  
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Figure 1. a) Vibrational sum frequency generation intensity spectra corrected for local field effects, 

(b) average square root of the integrated SFG intensities (left axis, black circles) from 2850-3750 

cm-1, and  potentials (right axis, red squares) determined by streaming potential measurements of 

the silica/aqueous interface in the presence of 50 mM NaCl from pH 10 to 2. SFG error bars are 

the standard deviation from 3 experimental replicates.  potential error bars are the propagated 

measurement errors from 2 experimental replicates. 

 

We can, however, estimate the behaviour of the diffuse layer contribution to the SF 

intensity if 1) the total OHP potential is known and 2) if the 𝜒(3) spectrum for the diffuse layer 

waters in the silica/water interface is known for our experimental conditions. The former can be 

approximated by measuring the  potential, while the latter is known from the literature.56, 64, 66 

Fig. 1b shows that our observed  potentials decreased monotonically in magnitude from high to 
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low pH, consistent with an isoelectric point below pH 2 for this type of silica and salt 

concentration.71 Therefore, the diffuse layer contribution should only decrease with decreasing pH 

as 𝜒(3) is invariant with pH66 and 𝜒𝐷𝐿
(2)

 is thereby only modulated by the 𝛷𝑂𝐻𝑃. With this insight it 

is clear that the Stern layer 𝜒𝑆
(2)

 is playing a large role in the non-monotonic SF intensity changes 

observed below pH 4. 

 The Stern layer contribution, 𝜒𝑆
(2)

, can be obtained by subtracting the diffuse layer 

contribution, 𝜒𝐷𝐿
(2)

, from the total nonlinear susceptibility, 𝜒𝑡𝑜𝑡𝑎𝑙
(2)

. To determine the complex 𝜒𝑡𝑜𝑡𝑎𝑙
(2)

 

spectra, we require the phase, φ, of the SFG signal where |𝜒𝑡𝑜𝑡𝑎𝑙
(2)

|𝑒𝑖𝜑 = 𝑅𝑒𝜒𝑡𝑜𝑡𝑎𝑙
(2)

+ 𝑖𝐼𝑚𝜒𝑡𝑜𝑡𝑎𝑙
(2)

, 

which can be estimated using the maximum entropy method.64, 76-85 However, the maximum 

entropy method phase (𝜑𝑀𝐸𝑀) is not the true phase of the SFG signal, φ. The difference between 

the two is called the error phase (𝜑 − 𝜑𝑀𝐸𝑀 = error phase). Determining the error phase is the 

main challenge of using the maximum entropy method to predict complex spectra as it must come 

from some external knowledge of the system.86 Our previous work suggested that the error phase 

depended on the Debye length (i.e. the ionic strength), as the Debye length describes the depth of 

the diffuse layer (~4 κ-1) and thus determines the phase matching condition for interference 

between the SFG signals generated throughout the various regions within the electrical double 

layer and the zero plane. The resulting phase shift is not captured by the MEM phase and, 

accordingly, must manifest as a shift in the error phase.64  

Phase Relation between the Stern Layer 𝝌𝑺
(𝟐)

 and the Diffuse Layer 𝝌𝑫𝑳
(𝟐)

. In our present work, 

the salt concentration, and accordingly the Debye length, is maintained constant. Therefore we 

would not expect a change in error phase, as we demonstrated recently that the error phase changes 

systematically with Debye length owing to the dependence of the error phase on the thickness of 
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the diffuse layer.64 Furthermore, at 50 mM NaCl the signal phase shift arising from optical 

interference in the diffuse layer should be less than 1°. Surprisingly however, we observed a 

significant error phase change (~70° at 3300 cm-1) when we analyzed the |𝜒𝑡𝑜𝑡𝑎𝑙
(2)

|
2

 spectra and 

𝜒𝑡𝑜𝑡𝑎𝑙
(2)

 specta from Myalitsin et al.87 at pH 7 and pH 2 at 10 mM ionic strength using the MEM 

(Fig. S6). Using their87 complex spectrum at pH 2 and our64 complex spectrum at pH 6 as 

references, the error phases of our spectra herein were observed to decrease by ~100° (at 3300 cm-

1) from pH 6 to 2 (Fig. 2a). To understand this unexpected outcome, we turned to another nonlinear 

optical technique that has been used to measure phase changes at the silica/water interface, namely 

nonresonant heterodyne-detected second harmonic generation (HD-SHG) spectroscopy.88-91 As 

we demonstrated recently, the phase shift measured by HD-SHG is related to the total sum 

frequency phase shift under conditions where the Debye length is changing,64 suggesting their 

origins are related. 

 We therefore measured the SHG phase, sig, between pH 10 and 2 at 50 mM NaCl by 

recording SHG intensity interferograms (Fig. 2b) from the fused silica/water interface as described 

in our earlier work (see SI Section S2).88-91 Here, we report the relative phase, sig, referenced to 

pH 5.8 and 50 mM NaCl and find that a phase shift in HD-SHG does indeed occur over the pH 

range (Fig. 2a and 2b). We highlight this phase shift is plainly visible in the HD-SHG raw 

interferograms evident by the shift in -quartz positions of the maximum intensities measured at 

pH 10 and 2 (Fig. 2b, each mm distance corresponds to 3.158 degrees in phase). Fig. 2a also 

compares the relative phase change observed by HD-SHG and the change in error phase 

determined from our MEM analysis of the two reported complex spectra at pH 2 and 6. The HD-

SHG phase shift is approximately two to three times smaller than the SF phase shift predicted at 

3300 cm-1 using the MEM analysis. We hypothesize that this difference, which we did not observe 
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when changing ionic strength,64 is attributable to the differences between resonant SFG and 

nonresonant SHG relative signal magnitudes and phases of contributing oscillators (i.e. the 

𝜒𝑆
(2)

/𝜒𝐷𝐿
(2)

 ratio) as these should impact the resulting total phase of the signal. Moreover, the 

nonresonant SHG signal contains contributions from all polarizable species including interfacial 

silanol groups, water, the ions, and protonated and deprotonated surface sites, whereas our 

vibrational SFG measurements only probe OH oscillators.61, 74, 91 Nevertheless, the HD-SHG 

measurements allow us to predict how the error phase changes between our two reference points 

(i.e. pH 6 and pH 2) (Fig. 2a, blue line).  
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Figure 2. a) HD-SHG amplitudes and phases (red squares, left axis), and predicted error phase 

changes (blue line, right axis) at the silica/water interface in the presence of 50 mM NaCl from pH 

10 to 2. Error phase changes determined from reported HD-SFG measurements of the silica/10 

mM sodium phosphate interface are shown as open circles (right axis).87 Changes in HD-SHG and 

error phases (at 3300 cm-1) are relative to their values at pH 5.8. b) Representative HD-SHG 
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interferograms where solid lines are the cosine fits to the data (circles) and the blue and red dashed 

vertical lines indicate local maxima at pH 10 and 2, respectively. c) Imaginary 𝜒𝑡𝑜𝑡𝑎𝑙
(2)

 spectra at the 

silica/50 mM NaCl interface determined using the maximum entropy method with reference to 

reported HD-SFG measurements.64, 87 

 

With the error and SHG phases at each pH in hand, we performed the maximum entropy 

analysis of the spectra in Fig. 1a to yield |𝜒𝑡𝑜𝑡𝑎𝑙
(2)

|𝑒𝑖𝜑𝑀𝐸𝑀 that was used to find the total complex 

spectra, |𝜒𝑡𝑜𝑡𝑎𝑙
(2)

|𝑒𝑖𝜑 = 𝑅𝑒𝜒𝑡𝑜𝑡𝑎𝑙
(2)

+ 𝑖𝐼𝑚𝜒𝑡𝑜𝑡𝑎𝑙
(2)

 from pH 10 to 2. The imaginary components of the 

spectra, 𝐼𝑚𝜒𝑡𝑜𝑡𝑎𝑙
(2)

, report on the net orientation of the entire electrical double layer (Stern + diffuse 

layer) and are provided in Fig. 2c. At pH 10, 𝐼𝑚𝜒𝑡𝑜𝑡𝑎𝑙
(2)

 is positive over the entire OH stretching 

region, indicating the net orientation of the water molecules that contribute in the EDL is with the 

hydrogen atoms pointed towards the silica.64 As the pH is lowered, the 3200 and 3400 cm-1 modes 

decrease in magnitude while the 3600 cm-1 mode grows larger. Additionally, a broad negative 

feature around 3000 cm-1 appears and increases in magnitude as pH decreases. These general 

trends are consistent with the complex spectra measured by Myalitsin et al. at the silica/water 

interface and pH 2.1, 7.2, and 12.187 and also by Ostroverkhov et al. at the -quartz/water 

interface,92 which had been carried out over a similar pH range but at unspecified (and thus 

uncontrolled) ionic strengths. We emphasize that, although the work by Myalitsin et al. attempted 

to suppress the diffuse layer contributions through the addition of 2 M NaCl leading to a heavily 

modified surface water structure, neither of these prior studies reported 𝐼𝑚𝜒𝑆
(2)

, i.e. they did not 

disentangle the Stern and diffuse layer contributions that are encoded in 𝜒𝑡𝑜𝑡𝑎𝑙
(2)

. 

The change in sign of 𝐼𝑚𝜒𝑡𝑜𝑡𝑎𝑙
(2)

 with decreasing pH is attributed to a net flip in the 

orientation of water molecules held in a strong hydrogen-bonding network.93-94 According to eqn. 

1 and 2, 𝐼𝑚𝜒𝑡𝑜𝑡𝑎𝑙
(2)

 reports predominantly on Stern layer water molecules at pH 2, where the 
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electrical potential is presumably small (and probably different from zero). However, at higher pH 

values, where the OHP potential, and hence the contribution from diffuse layer water molecules, 

is large, it is unclear how the Stern layer water molecules behave. 

How Water Structure in the Stern and Diffuse Layer Vary with pH. To retrieve the Stern layer 

response, 𝜒𝑆
(2)

, at all pH values, we multiply our previously determined 𝜒(3) spectrum for this 

interface and experimental geometry64 by the OHP potentials we obtained from the streaming 

potential measurements and then subtract the resulting 𝜒(3) · 𝛷(𝑧), i.e. 𝐼𝑚𝜒𝐷𝐿
(2)

, from 𝐼𝑚𝜒𝑡𝑜𝑡𝑎𝑙
(2)

 as 

the diffuse layer lineshape is a property of bulk water and is consistent from interface to 

interface.56-57, 66, 95-96 The resulting pH-dependent 𝐼𝑚𝜒𝑆
(2)

 and 𝐼𝑚𝜒𝐷𝐿
(2)

 spectra are shown in Fig. 3a 

and 3b, respectively. Within the Stern layer response, 𝜒𝑆
(2)

, there may be a unique surface potential-

dependent term arising from Stern layer water molecules that are oriented by the electric field near 

the surface (i.e. 𝜒𝑆𝐿
(3)

𝛷0). Such an electric field-induced reorientation of interfacial water molecules 

is believed to be weaker than the existing H-bond network, based on MD simulations97 and 

calculations.64 Yet, we do not know the Stern layer third-order susceptibility, 𝜒𝑆𝐿
(3)

, which should 

exhibit a different line-shape than the diffuse layer third-order susceptibility, 𝜒(3) , owing to 

differences in hydrogen bond structure. Consequently, we do not attempt to deconvolute any 

surface-potential dependence from the Stern layer spectra we present and consider the total 

nonlinear susceptibility in the Stern layer, 𝜒𝑆
(2)

, arising from all contributions. Fig. 3a shows the 

dominant pH dependence occurs in the low frequency region, indicating changes in pH caused 

changes in the orientation of water molecules located in the strongly hydrogen-bonded network in 

the Stern layer. This result is consistent with a purely mathematical lineshape analysis of 

vibrational SFG model responses at charged aqueous interfaces, which showed the highest 



17 

 

sensitivity in the 3200 cm-1 region.63 However it is worth noting that the spectral features are broad 

and arise over the entire spectral range studied, indicating, just as with bulk water,98 the hydrogen 

bonding network in the Stern layer is quite complex. 

 As mentioned earlier, the sign of 𝐼𝑚𝜒𝑆
(2)

 reports on waters oscillators with dipoles pointing 

towards the silica (positively signed modes) or towards the bulk aqueous phase (negatively signed 

modes). At pH 10, 𝐼𝑚𝜒𝑆
(2)

 contains a large positive feature centred around 3150 cm-1, a shallow 

negative feature around 3400 cm-1, and a narrower positive feature at 3600 cm-1 (Fig. 3a). As the 

pH is lowered the large broad positively signed mode at low wavenumber decreases in magnitude 

while a similarly broad negative mode grows in at slightly redshifted frequencies. Conversely, the 

shallow feature around 3400 cm-1 flips in sign as the pH is decreased. Near the point-of-zero-

charge around pH 2, a large negatively signed feature around 3050 cm-1 is observed. Based on its 

sign, this mode can be assigned to water molecules that accept H-bonds from the surface while the 

smaller positively signed feature around 3400 cm-1 can be assigned to water molecules which 

donate H-bonds to silica.59, 87 The similarity of the Stern layer spectrum at pH 2 to the reported 

silica/HOD spectrum at pH 2,87 where no intramolecular coupling is expected, supports the claim 

that these broad modes arise mainly from different water populations participating in tighter 

(<3300 cm-1) and looser (3300 cm-1 to 3500 cm-1) hydrogen bond networks rather than 

intramolecular coupling. We also note that the net orientation of the water molecules in the tighter 

vs looser hydrogen bond network tends to be opposite from one another at any given pH, and that 

their pH dependence is also counter to one another. 
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Figure 3. Contributions to the total imaginary complex spectra, 𝐼𝑚𝜒𝑡𝑜𝑡𝑎𝑙
(2)

, of the silica/water 

interface in the presence of 50 mM NaCl from pH 10 to 2 originating from a) the Stern layer and 

b) the diffuse layer. Shaded areas are the propagated  potential and 𝜒(3) errors. Imaginary spectra 

have been smoothed for clarity. c) 𝐼𝑚𝜒𝑆
(2)

 magnitudes at 3100, 3400, and 3600 cm-1 with respect 

to electrokinetic charge densities calculated from the  potentials. d) Average square root of the 

integrated SFG intensities (black squares), the Stern layer (red closed circles), and the diffuse layer 

(blue open circles) contributions to the total complex spectra, 𝜒𝑡𝑜𝑡𝑎𝑙
(2)

. 

 

Each surface silanol group can, in principle, coordinate two H-bond donor water molecules 

and one H-bond acceptor water, but the 3400 cm-1 mode attributed to the former is smaller than 

the 3050 cm-1 mode, possibly due to partial cancellation of signal contributions from some 

oppositely oriented H-bond donors.59, 74 The decrease in magnitude of both the negatively signed 

3050 cm-1 mode and the positively signed 3400 cm-1 mode with increasing pH is consistent with 
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silanol deprotonation (Fig. 3c, charge densities from our pH-dependent  potential measurements). 

Concurrently, the increase in magnitude of the positively signed mode around 3150 cm-1 with 

increasing pH is consistent with an increasing number of water molecules which donate H-bonds 

to siloxide sites.64, 99 However, the steep magnitude decrease at 3100 cm-1 with an increase in 

surface charge density is noteworthy as it reveals that the number of hydrogen-bond accepting 

water molecules quickly reduces as the surface is deprotonated despite the substantial amount of 

silanol sites that should remain even at the highest pH (80% of sites at pH 10 are still neutral SiOH 

groups, according to XPS data).52 Given the large number of silanol sites that are expected even at 

pH 10, the Stern layer 𝐼𝑚𝜒𝑆
(2)

spectra at high pH are surprising as they indicate that water is 

predominantly oriented with hydrogens towards the surface despite the large proportion of neutral 

silanol sites. Fig. 3c then suggests that the number of water molecules contributing to each 

population of the two types of hydrogen bond networks within the Stern layer is influenced not 

only by the number of sites but also interactions between the oriented water molecules and the 

electric field and charges within the Stern layer, which is in agreement with a very recent report 

on silica particles.100 We speculate whether this phenomenon is primarily due to the presence of 

the ions within or near the Stern layer as the ion concentration within the Stern layer is intrinsically 

coupled to the surface charge density via the surface potential.53 Such an ion-induced water 

network restructuring is supported by recent time-resolved SFG measurements101 at low pH and 

our own findings at neutral pH over a wide ionic strength range.64 Yet we caution that inferring 

the number density of water molecules contributing to each mode is difficult as we do not know 

the hyperpolarizability magnitudes or the orientation distribution of the different water populations, 

which adds to the complexity in interpreting these Stern layer spectra.59, 74 
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The positively signed 3600 cm-1 peak, which was observed in the intensity spectra and 

previously assigned to either isolated silanol groups67-68 or dangling water molecules over 

hydrophobic sites,69-70 is present in the Stern layer spectra and remains positively signed over the 

entire titration (Fig. 3c). Its pH-invariant sign is consistent with the notion that this mode originates 

from OH oscillators that are directed with their hydrogen pointed away from the water and into 

the silica. These are presumably SiOH groups located in water-inaccessible sub-nanosized pockets 

that are part of the (2)-active interfacial region. Our recently published AFM scans of the fused 

silica used in the HD-SHG experiments (Hyperion) show an rms-roughness of 0.4 nm with height 

variations of up to 1 nm,91  which would be consistent with this interpretation. 

The origin of the negatively signed 3400 cm-1 feature at high pH is unclear, however it may 

arise from uncoupled H-bond donor water molecules near SiO- groups; at 2 M NaCl and pH 12, 

Urashima et al. determined the OH oscillators contributing to their HD-SFG spectra in this range 

were completely uncoupled owing to the similarity between the silica/H2O and silica/HOD 

interfaces.99 In those spectra, a small negatively signed feature around 3500 cm-1 was also observed, 

which was assigned to the uncoupled OH oscillator of the aforementioned H-bond donor water 

directed into the bulk water. 

Our analysis reveals that the OH oscillators in the Stern layer flip their orientation as the 

pH changes from pH 10 to 2, except for those resonating at 3600 cm-1. This trend is not apparent 

from the intensity spectra or even the 𝐼𝑚𝜒𝑡𝑜𝑡𝑎𝑙
(2)

 spectra. Integrating the 𝜒𝑆
(2)

 spectra over the entire 

frequency range studied (Fig. 3d) reveals the non-monotonic trend observed in the SFG intensity 

spectra (Fig. 1), with a minimum occurring at pH 6. The greatest amount of ordered and net-

polarized water molecules in the Stern layer occurs near the PZC at pH 2. Furthermore, at pH 2 

the H-bond network is apparently stronger than at higher pH, which is evident from the relatively 
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redshifted frequencies. In contrast, the integrated diffuse layer spectra only increase in magnitude 

as the pH is increased. We conclude that the non-monotonic trend observed in the SFG intensity 

spectra originates entirely from the water molecules located within the tight and loose hydrogen 

bond networks of the Stern layer.  

Connecting Stern Layer Structure with Gouy-Chapman-Stern, Dipole, and Other 

Contributions to tot. Finally, we analyze the pH-dependent HD-SHG measurements from Fig. 

2b to yield an interfacial potential value for each pH. In contrast to the  potential, this HD-SHG 

measurement yields the total interfacial potential drop across the solid/liquid interface and is the 

sum of GCS, dipolar, quadrupolar, and other contributions to the total electrostatic potential 

difference between the bulk silica and the aqueous bulk stemming from all species involved (not 

just the water molecules).91 Our earlier pH titration at 0.5 M NaCl showed this potential to map 

1:1 onto potential estimates from impedance measurements of oxide-terminated FETs.102-103  

 In the 50 mM pH titration analyzed here, the HD-SHG-determined (i.e. total surface) 

potential becomes neutral near pH 3 and positive at lower pH (+31 ± 20 mV at pH 2, Fig. 4).91 In 

contrast, our streaming potential measurements (Fig. 1b) indicate that the  potential remains 

negative over the entire pH range (pH 10 to pH 2, 50 mM ionic strength, Fig. 1b). Oppositely 

signed surface potentials (measured by an ion-sensitive FET device, which also provides the total 

surface potential) and  potentials have also been observed near the point-of-zero-charge of a 

single crystal quartz electrode in 10 mM NaCl.32 We provide two explanations for the opposite 

signs between the  potentials (arising at the outer Helmholtz plane) and the total interfacial 

potential total (arising at the 0-plane). The first explanation stems from the observed flip in net 

orientation of the tightly H-bonded water molecules in the Stern layer (contributing at 3100 cm-1) 

at ~ pH 4 as the pH decreases from pH 10 to 2 (Fig. 3a). It has been argued that like in FET- and 
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X-ray- based measurements of the surface potential, the total potential that is probed by HD-SHG 

includes not only the Gouy-Chapman contribution but all dipole and higher order contributions 

from the ordered water molecules and the silica surface.91 As mentioned earlier, electrokinetic 

measurements of the  potential appear to be insensitive to the ordering of water based on the 

simulations of Netz and co-workers where no  potential (no flow) was observed at an uncharged 

surface despite the presence of an applied static field and the ordering of the surface water 

molecules.9 In contrast, water dipoles have been known to play a key role in the electrical and 

structural properties of the EDL over electrochemical interfaces in the form of the “ potential” 

(no relation to or).23, 104 Moreover, simulations have found that contributions from higher-

order moments were also important in determining the surface potential at liquid/vapor water 

interfaces.22  

 As shown in Fig 4, we observe a connection between the integrated 𝐼𝑚𝜒𝑆
(2)

 (surface) 

spectra, which report on the order and net direction of the water molecules in the Stern layer, and 

the total interfacial potential measured by HD-SHG. At pH 10, the Stern layer is highly ordered 

with the net orientation of water molecules pointing their hydrogen atoms towards the surface 

leading to a positive value from the integrated 𝐼𝑚𝜒𝑆
(2)

. At this pH, the total potential from the HD-

SHG analysis is substantially more negative than the  potential at pH 10, consistent with the 

former containing contributions to the potential beyond those predicted from the Gouy-Chapman 

Stern model (-330 mV vs -73 mV).91 Using a Gouy-Chapman-Stern model to calculate the surface 

potential (0), which was -210 mV at pH 10 (see supporting information for details), the remaining 

contribution to the total interfacial potential is ~ -120 mV at pH 10. This significant value is 

consistent with the large dipole potentials on the order of hundreds of millivolts measured at the 

neat water/air interface using ionizing surface potential methods.11 As the pH is lowered, this 
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remaining potential value inverts sign from negative to positive, which mirrors the flip in 

orientation observed in the imaginary Stern layer spectra (Fig. 4). At pH 2, the remaining potential 

is approximately +43 mV, and the Stern layer is well ordered with the water molecules net-oriented 

with their oxygen atoms now pointed towards the surface (negative features in 𝐼𝑚𝜒𝑆
(2)

). The GCS 

contribution to the total interfacial potential in Fig 4 assumes that the surface charge is still slightly 

negative at pH 2 (i.e. more SiO- than positive sites). Based on this scenario, the HD-SHG-

determined potential could be positive at pH 2 because the significant contribution from the water 

in the Stern layer overwhelms the oppositely charged surface Gouy-Chapman potential (Fig. 4), 

while the  potential at the outer Helmholtz plane is still negative.  

 

Figure 4. Interfacial potentials at the silica/50 mM NaCl interface at surface (0) and outer-

Helmholtz (OHP) planes at pH 10 and 2. The Gouy-Chapman-Stern contribution at the 0-plane 

was calculated using surface charge densities determined from a silica deprotonation model.96, 105 

At pH 10, a large contribution to the total interfacial potential is unaccounted for. At pH 2, GCS 

is opposite in sign to total either due to charge overcompensation or an unknown contribution to 

the total potential from the waters and silica. The net water alignment in the Stern and diffuse 

layers is estimated from the 𝐼𝑚𝜒(2) spectra integrated from 2850-3750 cm-1. The aligned water in 

the Stern layer tracks the total potential sign inversion at the 0-plane.  

 

The second scenario is a simpler explanation, but not mutually exclusive from the first, for 

the different signed potentials from SHG and streaming potential measurements at pH 2, which is 

expected to be near and even below the pzc.71 If the silica surface (0-plane) is actually net 
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positively charged at pH 2 as a result of a greater number of positive protonated sites compared 

with negative deprotonated ones,52 then the Stern layer at pH 2 would exhibit a static electric field 

directed away from the surface, aligning Stern layer waters with their hydrogens pointed away 

from the surface. Additionally, the presence of a heavily protonated surface would align waters in 

the same direction due to the preferential hydrogen bonding with water acting as hydrogen acceptor. 

This net orientation of the Stern layer waters are consistent with the sign of the large low 

wavenumber mode in the Stern layer spectra at low pH (Fig. 3a). Then how to account for the 

negative  potential? One possibility is charge reversal where the amount of ions near the surface 

(in the Stern layer) overcompensates the amount of charge on the surface.106 This phenomenon has 

been observed for a variety of surfaces and attributed to both physical (eg. ion-ion correlations) 

and chemical (eg. ion-surface complexation) mechanisms.107 For positively charged silica, the 

chloride would be expected to be concentrated at the surface; but charge reversal would require 

the concentration near the surface to exceed the positive charges. However, overcompensation by 

monovalent ions is less known than multivalent ions.106-108 Nevertheless, MD-DFT calculations at 

the neutral quartz/aqueous interface did observe chloride interacting closely with the neutral 

surface albeit while maintaining the chloride hydration shell.109 Future work will explore the 

impact of different counter-ions particularly near the point-of-zero charge to help distinguish 

between the two proposed mechanisms.  

We note, however, that it is not straightforward to relate the net direction of the water in 

the Stern layer with the sign of the remaining potential. For example, the internal electric field 

arising from the dipole moments of water, which clearly opposes the surface field at pH 10, is also 

opposite to the field generated immediately outside the dipole of water making it less intuitive to 

relate the net orientation of water and the resulting dipole potential. Moreover, simulations of the 
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liquid-vapor water interface revealed that the net dipole potential and quadrupole potential of water 

were oriented in opposite directions.22 For our system, the relative importance of the dipole and 

the higher order moments to the total potential is unknown. Nevertheless, our experimental results 

are consistent with a physical picture that is more complex than what mean field (Bragg-Williams) 

type approaches would predict.17 While dipole-only contributions may not suffice to account for 

all the non-GCS contributions, the correlation between the pH-dependence of the total and the 

changes in 𝐼𝑚𝜒𝑆
(2)

 suggest we capture the dependence of total on the water structure in the Stern 

layer  (Fig. 4). 

 New questions and problems that we can now address include the following: as the 

interfacial acid base chemistry of silica only involves around 10 to 15% of surface sites,52 could 

there be an outsized influence of a minority population of Stern layer water molecules on the SFG 

lineshapes? Are the magnitudes of the orientationally averaged molecular hyperpolarizabilities of 

the Stern layer water molecules in the tight (3200 cm-1) and more loose (3400 cm-1) H-bonding 

networks the same or different74? How many SFG-active water molecules are comprised in each 

of these two broad classes of H-bonding environments? While these problems are currently 

underdetermined from an experimental perspective, our new insights into the kinds of SFG 

lineshapes that Stern layer water molecules produce provide a direct link to experimentally validate 

atomistic computer simulations of interfacial water structures and their second-order nonlinear 

susceptibilities. We thus envision joint experimental-computational investigations of charged 

aqueous interfaces to address these new science questions. 

Conclusions 

 In summary, we separated the vibrational sum frequency signal from the silica/water 

interface into Stern and diffuse layer contributions using the maximum entropy method, 
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complementary heterodyne-detected second harmonic generation, and streaming potential 

measurements while appropriately accounting for phase matching and absorptive-dispersive 

mixing. The integrated SFG intensities reporting on the total amount of ordered water in the EDL 

exhibited a non-monotonic trend with a minimum at pH 4. Yet,  potential measurements at the 

same interface only decreased in magnitude with decreasing pH. Since the  potentials are 

responsible for aligning the diffuse layer water molecules, the non-monotonic trend observed by 

SFG was identified to originate from Stern layer water molecules in tight and loosely H-bonded 

networks. The maximum entropy method was used with error phases determined from previous 

phase-sensitive SFG64, 87 and complementary heterodyne-detected SHG experiments to retrieve 

the complex SFG spectra from the measured intensities, for which the imaginary component 

reports on the net absolute molecular orientation of the EDL water structure. The Stern layer 

spectra, 𝜒𝑆
(2)

, were then obtained by coupling our recently determined 𝜒(3)  spectrum64 to the 

measured  potentials and subtracting the resulting diffuse layer spectra, 𝜒𝐷𝐿
(2)

, from the total 

complex spectra, 𝜒𝑡𝑜𝑡𝑎𝑙
(2)

, derived from the maximum entropy method.  

 The imaginary parts of the Stern layer spectra exhibited a flip in sign upon decreasing the 

pH from 10 to pH 2, particularly for water molecules in the tight H-bond network (stretching 

frequencies <3300 cm-1). The minimum structural order occurred at pH 6 at this salt concentration 

of 50 mM, while the maximum structural order occurred at pH 2 and pH 10. The change in 𝐼𝑚𝜒𝑆
(2)

 

with respect to pH did not linearly follow the charge density calculated from the  potentials. 

Furthermore, the lineshape changes were larger than would be expected for a surface that maintains 

~80% SiOH sites throughout the entire pH range studied.52 These results hint at further complexity 

to the behaviour of the Stern layer waters in relation to charge density. 
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 We found from the total potential drop across the fused silica/electrolyte interface provided 

by our HD-SHG experiments that the Gouy-Chapman-Stern-only contribution vastly 

underestimates the total interfacial potential. Indeed, over one-third of the total potential at pH 10 

and 2 is due to non-GCS contributions, presumably from dipolar, quadrupolar, and higher order 

contributions from solvent and other species that are not captured in the pH-independent relative 

permittivity constant used in the GCS models. We also suggest that these contributions are not 

sampled in electrokinetic measurements, such as streaming potentials, based on MD simulations 

by Netz and co-workers,9 and we provide an estimate of the difference in the GCS surface potential 

and the total potential for the various pH values investigated. Additionally, we found the flip in 

net orientation of the Stern layer waters mimics the flip in sign of this total surface potential, 

suggesting they are related. 

 Our findings underscore the importance of properly accounting for the (3) contribution in 

the analysis of the vibrational lineshapes provided by second-order spectroscopic studies of 

charged aqueous interfaces. The method presented here, in which SFG and SHG spectroscopy are 

paired, is proposed as a clear path to take. Taken together, our results provide the first vibrational 

Stern layer spectra of the silica/water interface over a wide pH range at controlled ionic strength. 

Moreover, they indicate an important role of non-GCS contributions to the total potential drop 

across the oxide/water interface, accounting for greater than half and more, depending on pH. Our 

analysis may be applied to many charged surface/aqueous interfaces to spectrally separate the 

Stern and diffuse layers given the appropriate complex spectra are available for reference. 
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The supporting information contains: experimental details, streaming potential experimental 

replicates, comparison of HD-SHG potentials from different silica suppliers, electrokinetic charge 

densities calculated from  potentials, a Gouy-Chapman-Stern model, calculations for local field 

effects in SFG spectra, in-depth details of error phase prediction using the MEM, and a sensitivity 

analysis for the error phase at pH 2. 
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